The blistering phenomenon in hydrogen implanted and annealed Si 0.70 Ge 0.30 (0 0 1) layers was investigated. The implantation was performed with 240 keV H 2 + ions with a fluence of 5 × 10 16 cm −2 . The blistering kinetics of H-implanted Si 0.70 Ge 0.30 showed two different activation energies: about 1.60 eV in the lower temperature regime (350-425
Introduction
Strain-relaxed SiGe layers grown on Si substrates are used as templates for the growth of ultrathin strained silicon (sSi) layers [1] [2] [3] [4] [5] . The strain in the sSi layers depends upon the Ge content of the strain-relaxed SiGe layers, which in turn leads to enhancement in the electron mobility of up to two times higher than that of normal bulk silicon [5] . Moreover, the transfer of these ultrathin sSi layers onto oxidized silicon wafers using hydrogen implantation in the SiGe and direct wafer bonding method (ion-cut process) results in the fabrication of strained-silicon-on insulator (sSOI) substrates [6] [7] [8] [9] . The sSOI substrates combine the benefits of enhanced carrier mobilities of sSi and low parasitics of SOI technology for nanoCMOS applications. The sSOI wafers up to 200 mm in diameter are now available [9, 10] . In the ion-cut process, hydrogen is implanted into the SiGe layer and the post-implantation annealing causes the fracture within the implanted zone [11] [12] [13] . In case the implanted wafer is bonded to an oxidized Si wafer acting as a mechanical stiffener, the thin layer is transferred onto this wafer. Otherwise dome-shaped blisters or craters are observed on free surfaces. The physical mechanisms involved in the layer splitting or blistering processes are the same. Hence, it is of great interest to study the mechanisms behind the layer splitting process, which can be carried out more conveniently by studying the development of surface blisters in hydrogen-implanted and annealed but unbonded wafers.
In the past, many investigations were carried out concerned with the blistering or splitting process in hydrogenimplanted and annealed Si wafers [11] [12] [13] [14] , but only a few studies exist for the case of Ge and SiGe alloy semiconductors [15] [16] [17] [18] [19] .
Ngyuven et al studied the splitting kinetics in H-implanted SiGe having 20% and 30% Ge content, respectively, and found that the activation energies for these semiconductors depend upon the hydrogen fluence used for implantation [16] . They also investigated the microstructural defects existing inside the implantation damage zone in SiGe using transmission electron microscopy (TEM). Singh et al studied the blistering kinetics of 22% Ge content SiGe layers using fixed implantation fluence and observed two different activation energies for the blistering in this material [17] . However, for SiGe having 30% Ge content, detailed blistering studies after H-implantation and annealing are rather scarce. Moreover, the similarities and differences observed with similar studies in Si have not been highlighted previously.
In this work, we have carried out detailed studies on the H-implantation-induced blistering process in SiGe (30% Ge) using various techniques and have compared the results with the similar studies done in the case of Si and Ge, respectively. Ge content increase) was grown on a Si(0 0 1) substrate, and then followed by a 2 μm uniform composition strainrelaxed Si 0.70 Ge 0.30 layer. The SiGe wafer was implanted with 240 keV H 2 + ions with a fluence of 5 × 10 16 cm −2 . After hydrogen implantation the wafer was cut into small pieces of about 5 × 5 mm 2 size and these pieces were annealed in an ambient atmosphere furnace at various temperatures in the range of 300-700
Experimental details
• C in order to determine the time for blister formation on the surface at each temperature. The surface blisters were observed using an optical microscope operated in the Nomarski contrast mode. The hydrogen profile in the implanted SiGe layer was determined using secondary ion mass spectrometry (SIMS). TEM was used to study the microstructure of the implantation damage zone in SiGe. The TEM measurements were carried out using a Philips CM20T microscope operated at 200 kV.
Results and discussion
A typical optical image of the blisters or craters formed on the surface of SiGe after post-implantation annealing is shown in figure 1 . The lateral size of the dome-shaped blisters is in the range of about 8-55 μm. Moreover, in some areas the craters are also formed and their bottom surface is found to be quite rough. The craters are formed due to the excessive pressure of the molecular hydrogen trapped within the mirocracks (as shown later) that leads to the lift-off of the top layer of SiGe. In our previous report on blistering studies in SiGe with 22% Ge content under the same implantation conditions, a similar kind of blistering image was observed but in that case the lateral size of the blisters was in the range of about 7-25 μm [17] . Hence, it can be seen that an increase in the upper limit of the size of blisters is observed with an increase in Ge content from 22% to 30%. Usually under similar implantation and annealing conditions, it is observed that Ge shows larger size blisters in comparison to those in Si. So the observation of the larger size of blisters in 30% Ge content SiGe layers in comparison to those of 22% SiGe layers is quite consistent.
The blistering time at each temperature was determined optically and the graph between the blistering time and reciprocal temperature, i.e. the Arrhenius plot, is shown in figure 2 . It can be clearly seen that two different activation energies are observed in the plot: about 1.60 eV in the lower temperature regime of 350-425
• C and 0.40 eV in the higher temperature regime of 425-700
• C. A similar kind of blistering kinetics behavior has been observed in some earlier studies also for Si, Ge and SiGe [17, [18] [19] [20] [21] . It was reported by Aspar et al that in the case of H-implanted Si(1 0 0) with a fluence of 6 × 10 16 H + cm −2 , two activation energies for the splitting process were observed: 0.50 eV at the higher temperatures and 2.2 eV in the lower temperature regime [20] . The lower activation energy was related to the free atomic hydrogen diffusion in Si, while the higher activation energy was associated with the hydrogen diffusion limited by the trapping-detrapping of hydrogen. Weldon et al reported that the blistering activation energy was about 1.8 eV and suggested that it could be associated with the Si-Si bond energy in the lattice [12] . In a detailed study of the blistering kinetics in H-implanted Si and Ge, Bedell et [15] . However, for Ge the activation energy was about 1.75 eV and it was found to be almost independent of the fluence. They suggested that the abovementioned activation energies could be associated with the Si-Si and Ge-Ge bond energies, respectively. Recently, Nguyen et al showed that for H-implanted SiGe, two activation energies were obtained and the higher activation energy was found to be fluence dependent [16] . Singh et al first reported the blistering kinetics of SiGe with 22% Ge content implanted with a fluence of 1 × 10 17 H + cm −2 [17] . In the low-temperature regime (300-400
• C) activation energy of 1.2 eV was obtained, while in the high-temperature regime (400-700
• C) the activation energy was 0.38 eV. In the present case involving H-implantation of Si 0.70 Ge 0.30 two activation energies are also obtained: 0.40 eV in the higher temperature regime and 1.60 eV in the lower temperature regime. The lower activation energy is close to the activation energy for diffusion of free hydrogen in Si (0.50 eV) and also in Ge (0.38 eV) [21, 22] . SiGe is an alloy semiconductor and hence we may expect the hydrogen diffusion activation energy to have a value between 0.50 and 0.38 eV, depending upon the Ge content in SiGe. We mentioned earlier that the higher blistering activation energy in Si 0.70 Ge 0.30 was found to be 1.60 eV. Ngyuven et al found the value of the higher activation energy to be 2.0 eV but the hydrogen fluence was 6 × 10 16 H + cm −2 , which is lower than the fluence that we used, i.e. 1 × 10 17 H + cm −2 (it is to be noted that implantation with 240 keV H 2 + ions with a fluence of 5 × 10 16 cm
is equivalent to implantation with 120 keV H + ions with a fluence of 1 × 10 17 cm −2 ). Hence, similar to the case in pure Si [16] , it is expected that we get lower activation energy for Si 0.70 Ge 0.30 . This activation energy of 1.6 eV is significantly smaller than the Si-Si (3.4 eV) and Ge-Ge (2.8 eV) bond energies. According to the trapping-detrapping phenomena observed in the case of Si [20, 23] , here also the higher activation energy could be related to the hydrogen diffusion limited by trapping-detrapping in SiGe. It is worth mentioning that the Si-H and Ge-H bond energies are about 2.5 and 1.9 eV, respectively [24] .
The hydrogen depth profiling in the Si 0.70 Ge 0.30 layer implanted by 240 keV H 2 + ions (which is equivalent to implantation with 120 keV H + ions) was performed using SIMS. The hydrogen depth profile is shown in figure 3 for the as-implanted SiGe sample as well as for the annealed sample (annealing at 500
• C for 5 min). In the as-implanted state, the peak hydrogen concentration was close to 3.0 × 10 21 cm
and was located at a depth of 1060 nm below the surface. This agrees very well with the depth of peak hydrogen concentration as calculated using the SRIM2010 simulation program [25] , which is about 1050 nm. After the post-implantation annealing, the peak hydrogen concentration was reduced to about 2.0 × 10 21 cm −3 and its position shifted toward the surface at 980 nm. Moreover, the hydrogen distribution also became narrower. Similar observations were recently made by Personnic et al in the case of H-implanted Si [26] , where they observed that after post-implantation annealing, the peak concentration got reduced and the hydrogen distribution became narrower (the annealing temperature was up to 400
• C). They showed that the reduction in the SIMS signal after annealing was not due to the outdiffusion of hydrogen from the implanted region but to some rearrangement of the hydrogen atoms in a form not detectable by SIMS [26] . This kind of behavior in SiGe, as in the case of Si, is due to the trapping of hydrogen by the vacancies and the internal surfaces of platelets that are formed during the annealing process. Moreover, a portion of the implanted hydrogen tends to transform to the molecular hydrogen form that is trapped within the platelets [26] . Since the maximum implantation damage exists somewhat shallower than the peak of hydrogen concentration, after annealing the hydrogen preferentially moves toward the damaged region leading to a shift in the peak of hydrogen concentration.
The microstructural characterization of the implantationinduced damage was performed using TEM, and the crosssectional transmission electron microscopy (XTEM) image of the SiGe layer in the as-implanted state is shown in figure 4 . A damage band could be observed ranging from about 920 to 1200 nm below the surface. The damage band consists of defects such as vacancies, interstitials and vacancy-hydrogen complexes that are created due to the energetic hydrogen ions. An XTEM image of the annealed SiGe sample is shown in figure 5 , which shows the formation of two-dimensional extended defects such as platelets and small area microcracks. The density of the (0 0 1) oriented platelets and the microcracks is found to be the maximum within a narrow range of about 100 nm within the damage band. Moreover, the microcracks are lying mostly parallel to the (0 0 1) surface and they are randomly joined to each other by some microcracks lying along {1 1 1} planes. The hydrogen passivates and gets trapped in the internal surfaces of the platelets [12] . Moreover, a portion of the total hydrogen exists in the form of molecular hydrogen, H 2 , filled inside the open volume of the platelets. The H 2 gas exerts pressure inside them upon annealing leading to the formation of microcracks. If the annealing is continued for longer times, these microcracks grow in size leading eventually to the formation of surface blistering [13] . The (0 0 1) oriented platelets and microcracks could be seen more clearly in the higher magnification TEM image in figure 6 . While the density of the (0 0 1) platelets is higher inside the damage band, there are some {1 1 1} oriented platelets also, which are found relatively in more abundance at the end of the damage band. Recently, this kind of behavior of platelet formation in hydrogenated Si was studied by Swadener et al using molecular dynamics (MD) simulations [27] and they showed that when there is a biaxial compressive stress in the (1 0 0) plane in Si, then the (1 0 0) platelets are formed in the region of highest stress at the center of implantation damage, while (1 1 1) platelets form in the lower stress regions at the end of the damage band. In the case of H-implanted Si 0.70 Ge 0.30 having (0 0 1) surface orientation, the biaxial compressive stress is the highest near the mid of the damage band and hence (0 0 1) platelets are preferentially formed in that region of the damage band. Moreover, in accordance with the MD simulation studies, we also found experimentally that the {1 1 1} platelets are preferentially located at the end of the damage band.
Conclusions
The blistering phenomenon in hydrogen-implanted and annealed SiGe(0 0 1) layers with 30% Ge content was investigated. The blistering kinetics in SiGe showed two activation energies. These activation energies were associated with the diffusion activation energies of atomic hydrogen in the damaged lattice of SiGe. The depth distribution of hydrogen after post-implantation annealing became slightly narrower and shifted toward the surface in comparison with that of the as-implanted state. This indicated that the hydrogen was getting trapped inside the platelets and microcracks. The TEM measurements showed the existence of a damage band, which after annealing showed a number of (0 0 1) platelets and microcracks. A number of {1 1 1} platelets were also observed preferentially at the end of the damage band. In accordance with earlier reported MD simulation studies, the implantationinduced biaxial compressive stress in the damage band led to the preferential existence of (0 0 1) and {1 1 1} platelets at the center and the end of the damage band, respectively.
